Non-viral gene-editing of human cells using the CRISPR-Cas9 system requires optimized delivery of multiple components. Both the Cas9 endonuclease and a single guide RNA, that defines the genomic target, need to be present and co-localized within the nucleus for efficient gene-editing to occur. This work describes a new high-throughput screening platform for the optimization of CRISPR-Cas9 delivery strategies. By exploiting high content image analysis and microcontact printed plates, multi-parametric gene-editing outcome data from hundreds to thousands of isolated cell populations can be screened simultaneously. Employing this platform, we systematically screened four commercially available cationic lipid transfection materials with a range of RNAs encoding the CRISPR-Cas9 system. Analysis of Cas9 expression and editing of a fluorescent mCherry reporter transgene within human embryonic kidney cells was monitored over several days after transfection. Design of experiments analysis enabled rigorous evaluation of delivery materials and RNA concentration conditions. The results of this analysis indicated that the concentration and identity of transfection material have significantly greater effect on gene-editing than ratio or total amount of RNA. Cell subpopulation analysis on microcontact printed plates, further revealed that low cell number and high Cas9 expression, 24 h after CRISPR-Cas9 delivery, were strong predictors of gene-editing outcomes. These results suggest design principles for the development of materials and transfection strategies with lipid-based materials. This platform could be applied to rapidly optimize materials for gene-editing in a variety of cell/tissue types in order to advance genomic medicine, regenerative biology and drug discovery.
a b s t r a c t
Non-viral gene-editing of human cells using the CRISPR-Cas9 system requires optimized delivery of multiple components. Both the Cas9 endonuclease and a single guide RNA, that defines the genomic target, need to be present and co-localized within the nucleus for efficient gene-editing to occur. This work describes a new high-throughput screening platform for the optimization of CRISPR-Cas9 delivery strategies. By exploiting high content image analysis and microcontact printed plates, multi-parametric gene-editing outcome data from hundreds to thousands of isolated cell populations can be screened simultaneously. Employing this platform, we systematically screened four commercially available cationic lipid transfection materials with a range of RNAs encoding the CRISPR-Cas9 system. Analysis of Cas9 expression and editing of a fluorescent mCherry reporter transgene within human embryonic kidney cells was monitored over several days after transfection. Design of experiments analysis enabled rigorous evaluation of delivery materials and RNA concentration conditions. The results of this analysis indicated that the concentration and identity of transfection material have significantly greater effect on gene-editing than ratio or total amount of RNA. Cell subpopulation analysis on microcontact printed plates, further revealed that low cell number and high Cas9 expression, 24 h after CRISPR-Cas9 delivery, were strong predictors of gene-editing outcomes. These results suggest design principles for the development of materials and transfection strategies with lipid-based materials. This platform could be applied to rapidly optimize materials for gene-editing in a variety of cell/tissue types in order to advance genomic medicine, regenerative biology and drug discovery.
Introduction
Genomic medicine involving gene-editing to correct disease causing mutations or insert other genetic sequences into patients' cells is a growing area of biomedical research [1] [2] [3] [4] [5] [6] gene-editing technologies utilize nucleases to generate a DNA double strand break (DSB), or ''cut," in genomic DNA at a desired location [7] [8] [9] [10] [11] . CRISPR-Cas9, an emerging gene-editing technology, exploits a modified bacterial immune defense mechanism termed CRISPR (clustered regularly interspaced short palindromic repeats) that cuts DNA at specific sequences.
The engineered CRISPR-Cas9 system encompasses two essential components: 1) an endonuclease, Cas9; and 2) a short, single-guide RNA (sgRNA) that forms a ribonucleoprotein (RNP) complex with Cas9 and targets endonuclease activity to a specific sequence in the genome [12, 13] . Interaction of an approximately 20 nucleotide (nt) sgRNA sequence to the complementary genomic DNA increases the residence time of the Cas9-sgRNA complex at that specific genomic locus ( Fig. 1A and B) , enabling Cas9 nuclease to create targeted DSBs. However, the Cas9-sgRNA complex can associate with and cut the genome at other ''off-target" sites [14, 15] . Decreasing off-target mutagenesis has been achieved by titrating the quantity of Cas9 and sgRNA delivered [16, 17] and by engineering the specificity of CRISPR-Cas9 components [18] [19] [20] . While RNP engineering efforts have increased efficiencies of editing and reduced off-target mutagenesis, a significant bottleneck in genomic medicine remains in effectively delivering these engineered components to human cells.
Employing CRISPR-Cas9 gene-editing requires cellular delivery and subsequent nuclear translocation of RNP complexes or plasmid DNA and RNAs that encode the two components of the system. Initial CRISPR-Cas9 experiments with human cells used electroporation of plasmids encoding Cas9 and sgRNAs driven by constitutive promoters [9, 10] . Viral delivery strategies have also been employed [21] , although non-viral delivery strategies are typically preferred over viral delivery. This is because viruses can integrate into the genome causing insertional mutagenesis, which is problematic for many research and clinical applications.
A common method for delivering Cas9 components to cells makes use of synthetic biomaterials that form lipid nanoparticles containing DNA, RNA, or pre-formed RNP complexes [22] [23] [24] . These methods involve encapsulation or complexing of nucleic acid cargo through interactions between the negatively charged phosphate backbone of the cargo and the positively charged lipid head groups. In the case of CRISPR-Cas9 RNPs, the negative charge of the sgRNA allows the RNP complex to be encapsulated by the cationic lipids [16] . Cellular uptake and subcellular trafficking can be mediated by endocytosis and macropinocytosis, although exact mechanisms are poorly understood and may vary widely across transfection reagents [25] . Direct comparison of liposomal based transfection of a Cas9-encoding plasmid to Cas9-encoding mRNA indicated that mRNA increased editing efficiencies and lowered off-target mutagenesis in many human cell lines [17] . However, each human cell line required different doses and formulations of lipid nanoparticles or complexes. Despite these challenges, lipid-based delivery of mRNA encoding Cas9 provides an attractive route to achieving precise editing in human cells.
Optimizing CRISPR-Cas9 gene-editing with RNA in human cells is a complex multiparametric space. For each cell line in research and each patient in the clinic, screening of many different formulations of the mRNA/sgRNA/material complex will likely be required for optimal editing [23, 24] . Combinatorial synthesis and assessment of non-viral transfection agents for delivering plasmid DNA [26] and siRNA [27, 28] have yielded successful strategies both ex vivo and in vivo [29] . To our knowledge these platforms have not been applied for optimizing CRISPR-Cas9 delivery. Indeed, there are limited platforms available to rapidly screen synthetic biomaterial transfection agents and optimize the amount, ratios, and chemical modifications to both components of the CRISPRCas9 system. Thus far, optimization has relied on low-throughput endpoints assays on samples homogenized from 10 4 to 10 6 cells [16, 17] . Such cell population-averaged measurements of DSB formation utilize DNA sequencing or an endonuclease assay (e.g., SURVEYOR [30] or T7E1 [31] ) of genomic DNA. These assays can be difficult to standardize [32, 33] and do not monitor the cargo trafficking and editing processes in situ. Thus, the development of new materials with these low-throughput assays can be slow, and the delivery kinetics involved in optimized strategies are poorly defined.
Here we describe a high throughput method to optimize nonviral gene-editing strategies. Our platform exploits image cytometry and high content image analysis (HCA) in combination with a customized microcontact printed cell substrate [34, 35] to simultaneously monitor non-viral delivery and editing in human cells. We use established image analysis methods [36] and design-ofexperiments (DOE) based statistical techniques [37, 38] to screen existing liposomal delivery materials and maximize gene-editing outcomes. Dynamic tracking of Cas9 protein expression, subcellular localization and gene disruption within subpopulations of cells suggests that the cell number and the level of Cas9 expression within 24 h of delivery are important predictors of editing. This platform enables the rapid screening of material mediated CRISPR-Cas9 gene-editing strategies in human cells.
Materials and methods

H2B-mCherry reporter construction and culture
A constitutively expressed histone 2B-mCherry reporter transgene was integrated into the genome of human embryonic kidney (HEK) 293T cells via CRISPR-Cas9 gene-editing. The H2B-mCherry plasmid was generated by cloning the H2B-mCherry sequence (Addgene #20972) into the EGFP sequence of the AAV-CAGGS-EGFP plasmid (Addgene #22212). This plasmid was electroporated with plasmids encoding human codon optimized Cas9 (Addgene #41815) and sgRNA targeting the AAVS1 locus (Addgene #41818) into HEK 293T cells. Populations containing the transgene were purified through puromycin selection and clonal isolation followed by sequencing and fluorescent imaging to confirm mCherry expression.
HEK H2B-mCherry cells were maintained at 37°C and 5% CO 2 in growth media composed of DMEM (Thermo Scientific), 10% v/v FBS (Thermo Scientific), 2 mM L-Glutamine (Thermo Scientific), and 50 U/mL Penicillin-Streptomycin (Thermo Scientific). Media was changed every 2 days. Cells were passaged 1:40 every 4-5 days once 80-90% confluent with 0.05% Trypsin-EDTA (Thermo Scientific) onto tissue culture polystyrene (TCPS) plates (Thermo Scientific) coated overnight with a sterile 0.1% (w/v) gelatin A (Sigma) in water solution. At least two passages prior to experimental treatment, cells were transitioned to ''imaging media" containing FluoroBrite DMEM (Thermo Scientific) supplemented with 10% (v/v) FBS and 2 mM L-Glutamine. Specific culture volumes and media change regimens during experimentation are described in Section 2.9.
Single-guide RNA (sgRNA) design, synthesis and characterization
Coding sequences for genomic targets were obtained from NCBI Gene (www.ncbi.nlm.nih.gov/gene) and imported into an online sequence management tool (Benchling, www.benchling.com). Potential sgRNA sites were identified using Benchling's online genome-editing design tools. For mCherry reporter targeting, sgRNAs were designed against the mCherry coding sequence. sgRNA sequences were selected based on high on-target [39] and low off-target [40] ranking. In general, three sgRNAs were screened for each locus (sequences available in Appendix, Table A.1). Initial delivery work that monitored the amount of genomic disruption by a T7 Endonuclease 1 assay (Section 2.4) identified ''mCherry C" as the most effective sgRNA screened (data not shown).
Once designed, sgRNAs were synthesized as described previously [34] . Briefly, to construct template DNA for in vitro transcription (IVT), a 60 nt sgRNA specific forward primer (Integrated DNA Technologies), containing a truncated T7 promoter and the 20 nt target sequence, as well as a universal reverse primer were used to amplify a synthetic double stranded DNA template (Integrated DNA Technologies) encoding the conserved trans-activating CRISPR RNA (tracr) sequence. PCR was performed using Phusion High-Fidelity Polymerase (New England Biolabs) according to manufacturer protocols. IVT was performed using the HiScribe T7 transcription kit (New England Biolabs, E2040S) and incubated at 37°C overnight. For quantification and characterization of sgRNAs, purification was performed with the MEGAclear Transcription Clean-Up Kit (Ambion, AM1908) and quantified on a Nanodrop 2000 (Thermo Scientific). All sgRNAs used in this study were purified, however, unpurified sgRNAs have been delivered to cells resulting in measurable gene-editing with minimal toxicity (data not shown). A 2100 Bioanalyzer (Agilent Technologies) was used according to manufacturer's protocols to confirm size and uniformity of the sgRNA.
Transcription and preparation of mRNA
Transcription template was prepared from plasmid vector pMJ920 (Addgene# 42234). The plasmid was linearized via overnight digestion with NsiI and XbaI (New England Biolabs). Following overnight incubation at 37°C, the reaction was precipitated using Ammonium-Acetate/EDTA/Ethanol. For each 200 lL IVT reaction, 20 lL of 3 M Ammonium Acetate, 37.5 lL of 0.5 M EDTA, and 400 lL of 200 proof Ethanol were added. This was incubated overnight at À20°C, then centrifuged at 15,000g for 15 min at 4°C in a tabletop microcentrifuge. The supernatant was aspirated, and pellet was air-dried for 5-10 min at room temperature. The pellet was then resuspended in 25 lL of nuclease-free water, and concentration was measured using absorbance (NanoDrop 2000, Thermo Scientific).
Cas9-GFP mRNA was transcribed using the HiScribe T7 ARCA To purify the mRNA, 75 lL of LiCl solution (provided with IVT kit) was added to the reaction and then incubated overnight at À20°C. Precipitated mRNA was centrifuged for 15 min at 4°C in a tabletop microcentrifuge at 15,000g. The supernatant was then carefully aspirated. The pellet washed with 500 lL cold 70% ethanol, and centrifuged at 15,000g at 4°C for 10 min. Ethanol was carefully aspirated and the pellet was air dried for $1-2 min at room temperature. The pellet was resuspended in TES buffer (10 mM TrisHCl, 1 mM EDTA, 0.1 M NaCl) and solubilized by heating to 65°C for 10 min. mRNA concentration was determined using absorbance (NanoDrop 2000). The typical reaction yielded $50 lg of product. mRNA was diluted to 500 ng/lL in TES buffer and 20 lL aliquots were stored at À80°C. Cas9-GFP mRNA was labeled after IVT using Label IT Tracker Cy5 (Mirrus, 7021) according to manufacturer's protocols. After labeling, mRNA was again purified using the LiCl method described above.
T7 Endonuclease 1 assay
Genomic DNA was harvested using QuickExtract (Epicentre) and the desired target locus was PCR amplified (Eppendorf, Mastercycler Nexus GSX1; primers for each locus available in the 
Flow cytometry
Flow cytometry was conducted on samples fixed with 4% paraformaldehyde using a BD Canto cytometer (BD Biosciences). Cytometer was fitted with a high throughput sampler system and 8-color (4YG-2R-2B) optics. FSC-A vs SSC-A was used to gate for desired cell population and FSC-A vs FSC-H was used to gate for single cells. Single cell mCherry fluorescence was detected using a 561 nm excitation laser and a 610/20 emission filter. GFP fluorescence was detected using 488 nm excitation and 530/30 nm emission. FCS 3.0 files were exported and uploaded to FlowJoV10 for analysis. Size and intensity gates for each sample were established using untransfected control H2B-mCherry cells fixed at each timepoint.
Microfeature well-plate fabrication
Microcontact printed well plates were fabricated as previously described [35] . Briefly, gold coated glass plates were stamped with an alkanethiol ethanol initiator solution. Poly Ethylene Glycol (PEG) brushes were grown on areas stamped with the initiator solution as described previously [41] . This reaction forms distinct 600 lm diameter circular features (i.e., termed as ''lFeatures") surrounded by PEG brushes that are resistant to cell adhesion. Microcontact printed glass plates were attached to bottomless 6 well plates using double sided tape. Plates were sterilized by submerging in 70% ethanol and allowed to dry for 2-4 h in a sterile environment. Before cell seeding, patterned plates were incubated with 2 mL per well of a sterile 0.1% w/v gelatin A (Sigma) in water solution for 12-24 h at 37°C to improve cell adhesion to the lFeatures.
High content image acquisition and processing
Automated image acquisition was performed using a Nikon Eclipse TI epifluorescence microscope and NIS Elements Advanced Research (V4.30) software. The ND acquisition module was used to establish a XY coordinate grid to automatically acquire stitched images of each well (10Â magnification, minimum of 4 field by 4 field image stitch) or lFeature (20Â magnification, 2 Â 2 stitch).
Nikon Perfect Focus was used for experiments using glass culture substrates (Figs. [3] [4] [5] [6] to ensure that all images were in the same Z-plane and in focus across varying XY coordinates. For experiments performed on TCPS plates (Figs. 2 and 3), focus was obtained manually at the center of each well immediately prior to acquisition. Images were passed to CellProfiler for analysis (see Section 2.8). Processing was performed in a parallel manner using the Center for Throughput Computing (University of WisconsinMadison) and results were written to a local 16 MySQL database. MySQL Workbench 6.1 CE was used to retrieve data and join tables from distinct time points together on the basis of well position. Once joined, tables were exported as comma spaced variable (CSV) files and imported into FlowJoV10 for analysis.
High content image analysis and image cytometry
Image analysis was performed using CellProfiler [36] and defined as individual 2D objects within CellProfiler through a blue channel (Hoechst) image. These nuclei objects (7-20 pixels in size) were uniformly shrunk in area by 1 pixel to account for inclusion of any non-nuclei regions within the outline and to account for slight XY coordinate shifts between different channels. Shrunken nuclei objects were then super-imposed upon the red channel (mCherry) of the same image. Mean nuclear mCherry intensity was measured and tabulated for the area within each shrunken nuclei object. Nuclear GFP analysis was performed on Hoechst stained cells using similar methodology described for mCherry. Nuclear GFP analysis on non-Hoechst stained cells could be performed up to 48 h after transfection while mCherry expression was still observed in all nuclei. In this case, the mCherry image was enhanced to identify nuclei objects, which were shrunk by 1 pixel and superimposed onto the associated GFP channel. Cy5 labeled Cas9 mRNA localization was determined using a similar pipeline to above except that shrunken nuclei were superimposed onto the Cy5 image for intensity analysis.
Analysis of mean GFP intensity at the cell versus nuclei level for lFeature subpopulations was performed using a slightly modified pipeline. All individual nuclei objects within each lFeature were identified using enhanced mCherry images and corresponding cell objects were identified via CellProfiler's propagation algorithm, using a contrast enhanced GFP image. Once nuclei and cell outlines were determined for each image, the individual integrated GFP intensity for all nuclei and cell objects within a single lFeature was collected within the pipeline and used to determine the mean GFP intensity for each lFeature on a per cell or nuclei basis.
For all analysis, intensity per object data was exported directly to a CSV file. Data files were imported into FlowJoV10 to generate intensity histograms. Gating information was obtained using untransfected control cells from the same time point (unless otherwise noted) and subjected to the same image analysis.
Liposomal delivery of RNA to human cells
For all experiments, HEK H2B-mCherry cells were plated 16-24 h prior to transfection. In time course experiments (Fig. 2) , HEK H2B-mCherry cells were plated at t = 0 using 15,000-20,000 cells per well with 250 lL of imaging media in gelatin A coated 48 well TCPS plates (Thermo Scientific). At t = 0 h, cells were transfected with transfection solution prepared as follows: 500 ng Cas9-GFP mRNA and 120 ng mCherry C sgRNA were added to 12.5 lL of OptiMEM (Thermo Scientific) and mixed prior to adding to a solution containing 12.5 lL OptiMEM and 1 lL of MessengerMax (Thermo Scientific). Transcription solution was incubated for 10 min at room temperature before adding to culture media. Media was not changed prior to transfection. At t = 24 h an additional 250 lL of imaging media was added to each well in culture. At t = 48 h and t = 96 h a half media change was performed (removed 250 lL culture media, added 250 lL fresh imaging media).
In DOE experiments (Figs. 3 and 4), HEK H2B-mCherry cells were plated at 7500-10,000 cells per well with 125 lL of imaging media in gelatin A coated 96 well glass plates (In Vitro Scientific, P96-1.5H-N). Cas9-GFP mRNA and sgRNA were delivered at specified levels in 10 lL total of OptiMEM using specified volumes of Lipofectamine 2000 (Thermo Scientific, 11668027), RNAiMax (Thermo Scientific, 13778030), MessengerMax (Thermo Scientific, LMRNA001), or Transit-mRNA (Mirus, MIR 2225). Of note, Transit-mRNA is a two-component reagent and each component was added at the total volume specified in the experimental design. At t = 24 h an additional 125 lL of imaging media was added to each well in culture. At t = 48 h and t = 96 h a half media change was performed.
For experiments using micropatterned 6 well plates, cells were seeded at 25,000 cells per well in 2 mL of imaging media. Transfections were performed with varying amounts of Cas9-GFP mRNA and 600 ng of sgRNA with 5 lL of MessengerMax in 250 lL total of OptiMEM. Cas9-GFP mRNA was delivered to five wells at 1, 3, 5, 7, or 9 lg with 600 ng of mCherry C sgRNA. To the remaining well, 600 ng of hROSA26 sgRNA was added with 5 lg of Cas9-GFP mRNA. At t = 24 h, 2 mL of additional imaging media was added to each well. At t = 48 h a half media change was performed.
For sorting experiments cells were plated at 100,000-200,000 cells per well in a 6 well plate. Cas9-GFP mRNA was added to cells in 2 ml of imaging media at 3 lg (1 nM) or 7 lg (2.3 nM) with 600 ng (8 nM) of mCherry C or VEGFA sgRNA and 5 lL of MessengerMax in 250 lL total of OptiMEM. The lipid/RNA formulation was added to cells in 2 mL total of imaging media. Cells were sorted at 24 h after transfection and plated at 10,000 cells per well in a 24 well TCPS plate with 3-4 replicates per GFP intensity level (dependent on total sorted cell count). At 96 h after transfection, cells were Hoechst stained, imaged, then singularized and fixed with 4% PFA for 15 min in preparation for flow cytometry.
Results
3.1.
Image cytometry enables faithful, dynamic observation of population level gene-editing outcomes 3.1.1. HEK H2B-mCherry reporter cells facilitate tracking of Cas9-sgRNA mediated editing A cell reporter based system to track single cell gene-editing outcomes is illustrated in Fig. 1 .
CRISPR-Cas9 mediated gene-edits can be quantified by tracking loss of nuclear mCherry expression in transgenic HEK 293T cells that constitutively express a histone 2B-mCherry fusion protein.
Two components of the CRISPR-Cas9 system (sgRNA and Cas9-GFP mRNA) were delivered to the cells using cationic lipid based materials (Fig. 1A) . After transit across the cell membrane, Cas9-GFP mRNA is translated by ribosomes in the cytoplasm into a functional Cas9-GFP fusion protein. The Cas9-GFP fusion protein complexes with sgRNA enabling recognition (Fig. 1B) of a specific 19-20 bp genomic DNA sequence specified by the sgRNA. Cas9 DNA endonuclease activity forms DSBs in the genomic DNA (Fig. 1C) at a location 3 bases upstream of the 3 0 end of the sgRNA target sequence. Non-homologous end joining (NHEJ) or other error prone DNA repair (Fig. 1D) leads to insertion or deletion mutations (gene-edits) in the coding region of the targeted loci. Edits at the mCherry reporter locus can result in frameshift, nonsense or missense mutations that lead to loss of mCherry expression (Fig. 1F) , whereas unedited DNA retains mCherry reporter expression (Fig. 1E) .
In vitro transcription (IVT) and purification of Cas9-GFP mRNA and mCherry sgRNA
Representative 2100 Bioanalyzer (Agilent Technologies) electropherograms of transcribed and purified Cas9-GFP RNA are shown in Fig. 1G . The size and purity of the Cas9-GFP mRNA are similar to that of commercially prepared non-GFP Cas9 (4-5 kb). Peaks at 25 nt are from standard size markers in the Bioanalyzer running buffer. LiCl precipitation was necessary to remove template DNA and excess ribonucleotides from the reaction prior to concentration determination and delivery.
Electropherograms of purified IVT mCherry C sgRNA are displayed in Fig. 1H . mCherry C sgRNA was selected based on initial screening of three sgRNAs targeting the mCherry locus as described in Section 2.2. Size ($100 nt) and purity of IVT sgRNA conformed to predictions based on the size of the template and were consistent with prior work [34] . Column purification of sgRNAs was necessary to remove unincorporated ribonucleotides prior to determining concentration.
Timecourse analysis of delivery and gene-editing outcomes with standard and image cytometry based methods
Standard techniques for quantifying population level geneediting outcomes include T7 endonuclease 1 (T7E1) digestion and flow cytometry. T7E1 analysis is time consuming and requires cell lysis and isolation of genomic DNA. This is followed by PCR amplification of the targeted loci, denaturing and rehybridizing amplified DNA, and subsequent digestion with the T7E1 enzyme to cleave edited DNA for size separation analysis. Flow cytometry can also be used to detect population level gene-editing outcomes. Editing can be tracked in live cells, if the locus of interest has a reporter phenotype or the outcome can be assessed with a live cell stain. Editing can also be quantified in fixed and immunostained cells, using flow cytometry, if the edit results in loss of a functional protein or if an antibody is specific to mutation at a specific domain. We hypothesized that quantitative image cytometry (method described in Section 2.8) could be used to faithfully track gene-editing outcomes, in H2B-mCherry reporter cells, comparable to T7E1 and flow cytometry methods and at increased workflow efficiency.
To evaluate this capability, we set up a gene-editing timecourse to track gene-editing outcomes for 120 h after delivery of Cas9-GFPmRNA/sgRNA/material complexes. We quantified editing at the mCherry locus using both standard and image cytometry methods ( Fig. 2A) . This assay was performed in 48 well standard tissue culture polystyrene plates (TCPS) to obtain sufficient numbers of cells for flow analysis and sufficient genomic DNA for the T7E1 assay. For each method, gene-editing was quantified at specific time points from 3 physical replicate wells. The same amounts of Cas9-GFP mRNA (500 ng, 1.3 nM), mCherry sgRNA (120 ng, 13 nM) and material (MessengerMax, 1.0 lL) were used across all wells. Editing, measured as percent DNA modification, was first detected using T7E1 assay beginning at 24 h and increased up to a maximum of 47% at 48 h (Fig. 2B and C) . Flow cytometry analysis of per cell GFP intensity (to indicate Cas9 expression) and mCherry intensity (to indicate gene-editing) (Fig. 2D-F ) was performed on cell populations at each time interval. From the GFP intensity histograms (Fig. 2D ) the maximum percentage of GFP positive cells peaked at 24 h (33%) and decreased rapidly after 48 h. It was evident from GFP intensity histograms (Fig. 2D ) that Cas9-GFP expression varied continuously across each well population without distinct GFP positive and GFP negative populations.
Flow cytometry analysis of mCherry expression indicated that 67% of cells lost expression of mCherry between 72 and 96 h. Maximal loss of mCherry expression measured with flow cytometry was observed 24-48 h after maximal editing was seen in T7E1 assay. This is expected, as after mutation of the genomic loci, existing H2B-mCherry protein must be slowly degraded (in vivo half-life of mCherry $24 h [42] ) or diluted by cell division before it is no longer detectable within the nucleus. Analysis of gene-editing with flow cytometry reported higher maximum editing efficiency (67 ± 6.3%) compared to identically prepared T7E1 samples (47 ± 0.2%). This result may reflect the poor efficiency at which T7E1 detects single base indels [32] . There may also be a single indel that is highly abundant within the population leading to perfect self-annealing in the hybridization step of the T7E1 assay.
Image cytometry analysis was performed on images taken of cells in TCPS culture wells (Fig. 2G ) before those same wells were prepared for flow cytometry analysis. Mean red channel (mCherry) intensity of each individual nucleus within the image provides single cell data comparable to that obtained from flow cytometry (Fig. 2H and I) . Maximum mCherry loss was again observed between 72 and 96 h (78 ± 10%) (Fig. 2H ) and no significant difference was observed between gene-editing outcomes detected with image cytometry versus flow cytometry (Appendix, Fig. B.1A, B) . Image cytometry histograms from the untransfected control samples (Fig. 2H ) display a general increase in red intensity over time (observed as a shift of the average intensity of the mCherry positive population towards the right). This could be due to overlapping of cells as the cell density within the culture well increases, leading to contribution of fluorescent signal from adjacent cells. Importantly, GFP intensity data could not be reliably quantified on the TCPS plates used in this experiment due to high background fluorescence at well edges in the GFP channel. Subsequent image studies were performed on glass bottom plates and/or plates with black well walls, which addressed image background illumination inconsistencies.
While GFP image analysis was limited in 48 well TCPS plates, we were able to employ image cytometry to track delivery of Cy5 labeled Cas9 mRNA to cells (Fig. 3) . Cas9-GFP was labeled and purified following IVT. A total of 500 ng labeled mRNA was delivered to cells along with mCherry sgRNA (120 ng) and material (MessengerMax, 1.0 lL). Cells were seeded 24 h prior to transfection and each well was imaged over 12 h at 1 h intervals (Fig. 3A) . Image analysis data was passed to FloJo to create intensity histograms (Fig 3A, right panel) . Analysis of n = 3 physical replicates determined that $90% of cells contained detectable Cy5 labeled mRNA (Fig. 3B ). This analysis indicates that a majority of cells receive Cas9-GFP mRNA by 12 h after transfection, while only a third have detectable levels of Cas9-GFP protein at peak expression at 24 h (Fig. 2E) .
These experiments illustrate a potential advantage of image cytometry where in situ analysis alleviates the need for singularization and washing steps, which increases throughput and yields greater numbers of cells for analysis (greater total cell counts in Fig. 2H versus Fig. 2D ) at early timepoints (t = 0-24 h) with low cell density.
DOE based screening of material and delivery parameters for primary effectors of gene-editing efficiency
Based on comparable analysis of gene-editing using image cytometry versus standard methods (Fig. 2) , we sought to focus our image acquisition and processing platform to perform high throughput optimization of cationic lipid mediated delivery of CRISPR-Cas9 RNA to human cells. Our focus in these experiments was to maximize loss of mCherry expression as a proxy of geneediting efficiency. Even with a single output, the number of factors affecting gene-editing and the range of possible levels for each of these factors is vast. Importantly, many of these factors are hypothesized to interact so comparison of delivery materials, for example, must be performed across different concentrations of the material and ratios of the Cas9 and sgRNA cargo. We hypothesized that our image cytometry method in combination with DOE analysis could be used to rapidly and efficiently screen for the most significant effectors of gene-editing efficiency and to quantify their leverage on the output. DOE is regularly applied in engineering to optimize complex processes and has been applied previously in biological systems to optimize cell culture conditions [37, 38] . Use of DOE in this application is particularly prescient as identification of factors that primarily influence gene-editing efficiency can inform future experiments that are designed to optimize only the most important inputs over a much greater range of levels.
An initial DOE analysis was performed to screen four factors (delivery material, material amount, Cas9 mRNA amount, and sgRNA amount) for their effect on gene-editing efficiency. Cas9 delivery [16] were screened, while material amount, Cas9 mRNA amount and sgRNA amount were delivered at two levels in a full factorial design (3 * 2 3 = 24 conditions). In order to increase throughput and minimize background signal, DOE analysis was performed in 96 well glass bottom plates. Levels for each factor (Fig. 4A) were selected based on levels used in prior 48 well format time-course experiments ( Fig. 2) and were volume adjusted to take into account the lower culture volumes used in the 96 well plate. Utilizing two levels for material, Cas9 mRNA and sgRNA amount enables replicates and lowers setup complexity, but requires assumption of a linear relationship between output and changing factor levels. To evaluate if a linear assumption is appropriate, a center point condition for each material was added to the design (''0", Fig. 4A ). Final full factorial design with 27 conditions was conducted with two additional replicates for a total of n = 3 replicates (full design is available in Table C.1) . Analysis of gene-editing outcomes at the mCherry locus after 120 h of culture resulted in editing efficiency between 0-10% (Fig 4B) . Scaling down the assay to 96 well glass bottom plates increased the throughput of the screen, but lowered the amount of editing compared to timecourse experiments conducted in 48 well format (Fig. 2) . Lower editing efficiency in 96 well plates may be due to lower overall cell attachment on glass versus TCPS culture surfaces. Maximum gene-editing efficiency was observed using the MessengerMax delivery material at high levels (Fig. 3B) . Outputs at center point conditions do not lie outside the output range of high and low conditions indicating that the linearity assumption is not violated across the selected level range (center point conditions are indicated by ''0" levels, Fig. 4B ). Ignoring factor interactions, a least squares linear regression model identified delivery material and material amount as significant factors (Fig. 4C) . According to the regression model, mRNA and sgRNA amount were not significant factors across the range of levels studied (Fig. 4C) . Parameter estimates for the regression model indicate use of MessengerMax, as the delivery material, has the greatest effect on gene-editing output, followed by use of higher amounts of delivery material (Fig. C.1B) . When accounting for interactions between factors, the least squares linear regression model identified material type*material amount and Cas9-mRNA amount*sgRNA amount as additional significant factors (Fig. C.1C) . Identification of a significant interaction between the amount of Cas9-mRNA and sgRNA suggests that while neither factor appears to significantly effect gene-editing outcome in isolation, there may be a specific Cas9 mRNA to sgRNA ratio that optimizes gene-editing efficiency.
Prior work with Cas9 protein delivery indicates gene-editing efficiency is dependent on amount of Cas9 and sgRNA delivered [16] so it was unexpected that the amount of Cas9 mRNA or sgRNA delivered had no significant effect on gene-editing outcome in our model. We reasoned that the low levels (''À", in Fig. 4A ) of Cas9 mRNA, as well as sgRNA, used in our initial DOE were not limiting to overall gene-editing outcome. To test this hypothesis, a second DOE analysis (Fig. 5 ) was designed to examine gene-editing at lower levels of Cas9 mRNA, sgRNA and liposomal material. Although higher material amounts in DOE 1 yielded increased gene-editing, we lowered the amount of liposomal delivery material in the next experiment to examine performance over a wider range. Additionally, we screened another material (TransitmRNA) along with the leading material identified in the previous DOE analysis (MessengerMax). Further, we simultaneously evaluated gene-editing outcomes with Cas9-GFP mRNA prepared in our lab to a commercially available Cas9 mRNA. For continuous variables (mRNA, sgRNA, material amount), high factor levels ('' + " in Fig. 5A ) were set similar to low levels specified in the first DOE analysis, and low levels were selected to cover levels used in recently published work with Cas9 mRNA delivery [17] . The final DOE design included 5 factors each at 2 levels (2 5 = 32 conditions, with n = 2 replicates) and is available in Table D. 1.
In the second DOE experiment, MessengerMax performed superiorly to Transit-mRNA across all delivery conditions (Fig. 5B) . Again, higher levels of delivery material appeared to increase gene-editing efficiency. However maximum gene-editing efficiencies using MessengerMax in this DOE were higher (10% versus 8%) than gene-editing efficiencies in DOE 1, despite use of lower amounts of material. Also of interest, was that Cas9-GFP mRNA had similar gene-editing efficiency compared to commercial Cas9 using MessengerMax as the delivery agent, whereas commercial Cas9 resulted in higher editing efficiency than Cas9-GFP when Transit-mRNA was used as the delivery agent (Fig. 5B) . This data supports a potential interaction between the type of mRNA cargo and the delivery material. Again, ignoring factor interactions, delivery material and material amount were the only significant factors identified (Fig. 5C ). Parameter estimates for the regression model indicate that material choice is the most important factor influencing gene-editing outcome (Fig. D.1B) . When accounting for interactions between factors, material*mRNA type was identified as a significant factor (Fig. D.1C) . This supports earlier observations (Fig. 5B) of differential editing efficiency with mRNA type based on delivery material used. Again, this model did not indicate that Cas9 mRNA and sgRNA amount had a significant effect on geneediting outcomes (Fig. D.1D ), even when delivered at concentrations up to 3-5-fold below levels reported in prior studies [17] .
Longitudinal high content analysis of gene-editing within subpopulations
We hypothesized that variable Cas9 mRNA trafficking and processing within cells in an individual well of the previous DOE experiments (Figs. 5 and 6) masked significant differences in gene-editing at varying Cas9-mRNA delivery levels. Single cell analysis using flow and image cytometry indicated significant variation in nuclear Cas9-GFP intensity across gene-edited cell populations in 48 well (Fig. 2D ) and 96 well plate format (data not shown).
To control for variable Cas9-GFP expression within each delivery condition we sought to track editing outcomes in subpopulations of cells with known Cas9-GFP expression. To this end, we employed microcontact printed cell culture surfaces to spatially separate $450 subpopulations of cells into circular microfeatures (lFeatures, 600 lm diameter) within each well of a 6 well plate.
The polyethylene-glycol (PEG)-based surface chemistry of the platform spatially separates distinct populations of cells by preventing cell adhesion outside of the lFeatures [35] and enables tracking of distinct subpopulations over several days of culture. Furthermore, these features are printed on 0.2 mm thickness optically clear glass culture substrates, which enable high-resolution image acquisition for tracking subcellular fluorescence expression in situ. One day prior to CRISPR-Cas9 delivery, cells were seeded onto the microcontact printed plates at overall well density of 1500-2500 cells per cm 2 . After one day of culture, Cas9-GFP mRNA at concentrations ranging from 0.3-3 nM (500-4500 ng/mL) was added to the culture media along with sgRNAs targeting either mCherry or human ROSA26 (hROSA26) loci [43] . High content imaging prior to transfection was utilized to obtain an initial cell number for each population (t = 0 h; representative images in Fig. 6A ). At 24 h post transfection, wells were imaged to determine both cellular and nuclear Cas9-GFP intensity and cell number (t = 24 h; representative images in Fig. 6A ). Mean intensity of cellular and nuclear Cas9-GFP was calculated on a per area basis for each cell/nuclei and averaged over all cells/nuclei within each lFeature to capture subpopulation specific data. The average of subpopulation Cas9-GFP expression within each well generally increased between low and high concentration mRNA formulations however, as before; expression was highly variable within individual wells (Fig. 6B) .
Predicting gene-editing outcomes from longitudinal analysis
We first performed univariate analysis -plotting single factors against one another -in order to determine if any single factors had a strong correlation with GFP intensity (at t = 24 h) or with % gene-editing (t = 96 h). It is important to note that these comparisons are subject to confounding factors from related variables not included in the analysis. Quantification of mean nuclear and mean cell Cas9-GFP expression at t = 24 h indicated that the two parameters were indistinguishable at the subpopulation level (Fig. E.1A) . Nuclear Cas9-GFP expression at t = 24 h was weakly negatively correlated with the initial number of cells (t = 0 h) present within each lFeature (R 2 = 0.30) (Fig. E.1B) . We also determined the change in cell number over the 24 h after transfection and found that slower dividing subpopulations were associated with higher mean Cas9-GFP expression ( Fig. 6C; and RNAiMax) were screened at specified amounts across variable amounts of Cas9-GFP mRNA and mCherry C sgRNA (A). Gene-editing efficiencies of delivery materials across all specified conditions (n = 3 replicates per condition) (B). Probability of an effect for each factor (full statistics described in Fig. C.1A ) (C). Asterisk indicates a significant effect (p < 0.05). Design of experiments screening analysis 2 for optimal gene-editing parameters. Two lipid based delivery materials (MessengerMax, and Transit-mRNA) were screened at specified amounts with two different Cas9 mRNA preparations across variable amounts of Cas9-mRNA and mCherry C sgRNA (A). Gene-editing efficiencies of delivery materials across all specified conditions (n = 2 replicates per condition) (B). Probability of an effect for each factor (full statistics described in Fig. D.1A ) (C). Asterisk indicates a significant effect (p < 0.05).
Upon an additional three days of culture (t = 96 h), nuclei were stained using a cell permeable Hoechst dye and imaged along with the mCherry channel in order to determine the percentage of cells within each lFeature that were mCherry negative (representative images in Fig. 6A ). Association of % mCherry negative cells within each lFeature to original mRNA dose (Fig. 6D) variable gene-editing outcomes amongst subpopulations within the same well. This result supports the importance of monitoring gene-editing outcomes at the subpopulation level. Furthermore, variable gene-editing outcomes within each well align closely to variation in Cas9-GFP expression observed within each well at t = 24 h (Fig. 6B) . Univariate analysis of cell growth from t = 24 to t = 96 h versus % editing indicates a weak positive correlation between cell growth and editing percentage (Fig. E.1C) . Preliminary analysis of mean cellular Cas9-GFP intensity at t = 24 h against loss of mCherry expression at t = 96 h indicated strong positive correlation (Fig. 6C , R 2 = 0.6623). This suggests that high mean cellular Cas9-GFP expression may be a useful independent predictor of downstream editing outcomes. To more stringently examine the relationship between Cas9 expression and gene-editing, we conducted multivariate analysis, including principal components analysis (PCA) and partial least squares regression (PLSR) to account for closely related variables (Fig. 7) . PCA reduces the dimensionality of data, while maximally preserving the original information, enabling interpretation of complex relationships. When individual data points for each subpopulation were superimposed on the PCA score plot, the subpopulations with highest resulting gene-editing efficiency at t = 96 h (high mCherry loss, blue dots in Fig. 7A ) clustered near higher mean nuclear and cellular Cas9-GFP intensity measured at t = 24 h. Conversely, subpopulations with low levels of geneediting (low mCherry loss, red dots in Fig. 7A ) clustered around high measures of cell number.
To quantitatively compare the individual contribution of all measured factors on gene-editing efficiency, we conducted a PLSR analysis. PLSR is useful for quantifying relative effects of independent factors when they are highly correlated. PLSR was implemented in JMP Pro and yielded the model depicted in Fig. 7B . A model containing three factors was selected based on cross validation ( Fig. F.1A) . This model explains 70% of the variation in % mCherry gene-editing ( Fig. F.1B ; percent variation in Y). Model coefficients for each factor confirmed that mean nuclei and cell GFP intensity at t = 24 h had the strongest weights in predicting gene-editing (Fig. 7C ). This analysis also confirmed that more rapid cell division in the 24 h period after transfection, as well as from 24 h to 96 h, is negatively correlated with gene-editing outcomes, as indicated by the negative values for the Delta(cells) coefficients (Fig. 7C) . When accounting for other factors using PSLR, a greater number of cells at t = 0 h was found to have a small positive contribution to gene-editing efficiency, contradicting the earlier univariate correlation observation (Fig. E.1B) . Greater cell growth from t = 24 to t = 96 h had a smaller negative weight, which contradicts the univariate correlation observation made in Fig. E.1C . Taking the PCA and PLSR results together, longitudinal analysis within small subpopulations was able to identify features of delivery that may be useful for predicting gene-editing efficiency.
To reinforce our conclusions from PCA and PLSR analysis, we conducted a cell sorting experiment diagramed in Fig. 8A . Cells were transfected at t = 0 with lipid/RNA formulations containing 1 or 2 nM Cas9-GFP mRNA and either mCherry or VEGFA sgRNA. At t = 24 h cells were sorted on the basis of GFP expression into none/low, medium and high bins (Fig. G.1 ) and re-plated at 10,000 cells per well in 24 well plate format. After 3 additional days of culture (t = 96 h) cells were analyzed for gene-editing and cell count. Cell count at t = 96 h, a measure of cell growth between t = 24-96 h, was not significantly different between GFP expression bins (Fig. 8B) . Percent gene-editing was significantly higher in groups with greater GFP intensity at t = 24 h, as determined by image and flow cytometry (Fig 8C) . Editing reached a maximum of >90% mCherry negative in the high GFP group (Fig. 8C) .
Furthermore, VEGFA sgRNA treated cells sorted into none/low, medium and high GFP groups also demonstrated higher % of gene modification (Fig. 8D) . These data support that relative GFP intensity 24 h after transfection is reliable predictor of gene editing efficiency using lipid/CRISPR-Cas9 RNA formulations. 
Statistics
Confidence intervals and paired t-tests
Unless stated otherwise, all error bars correspond to 95% confidence intervals of the mean determined from at least n = 3 samples. Confidence intervals were calculated using the CONFI-DENCE.NORM function in Excel (Microsoft) with alpha = 0.05. Single tailed paired t-tests were also conducted on a minimum of n = 3 samples using the T.Test function in Excel.
ANOVA
A two-way ANOVA to compare image and flow cytometry methods was implemented using GraphPad Prism. P values < 0.05 were considered significant.
Design of Experiments (DOE)
Full Factorial DOE designs with added center points were designed using JMP Pro 11 software. Regression model fits were also performed using JMP Pro 11.
Principal components analysis (PCA) and partial least squares regression (PLSR)
PCA and PLSR were conducted using JMP Pro 11 software. PCA was conducted on correlations using the default estimation method. PLSR was performed using the SIMPLS algorithm. Validation, to determine the proper number of factors in the PLSR model, was performed using the leave-one-out method.
Discussion
This work examined the delivery of two RNA-encoded components of the Cas9 gene-editing system with four lipid based biomaterials. Image based longitudinal tracking of many subpopulations enabled quantitative in situ analysis of key processes involved in non-viral RNA mediated gene editing, including: protein expression, subcellular localization and functional gene disruption. Nearly all reported work optimizing CRISPR-Cas9 system delivery has monitored these processes using endpoint assays with population-averaged measurements. This work provides additional insight with in-parallel collection of multiparametric data from live cells at single cell to subcellular level resolution. (Fig. G.1 ). Higher relative GFP intensity results in greater gene-editing at mCherry transgene (C). Higher relative GFP intensity results in increased % gene modification at endogenous VEGFA locus (D). Error bars represent 95% confidence intervals of the mean. Significant difference determined using single tailed paired t-test where p < 0.05 was considered significant.
Comparing our image-based method to standard methods of quantifying gene-editing confirmed the reliability of image based cytometry in tracking gene-editing outcomes (Fig. 2) . In comparison to flow cytometry, in situ analysis enabled by image based methods allowed for reliable quantification of gene-editing in subpopulations with low cell counts not suitable for flow cytometry (Figs. 5 and 6 ). Furthermore, tracking gene-editing in cell subpopulations over time with high content imaging enabled reliable tracking of cell number as well as subcellular localization of Cas9-GFP expression.
For this study we focused on DOE based screening of several factors-mRNA type, mRNA amount, sgRNA amount, lipid amount and lipid type -and determined that material identity and material concentration had the greatest effect on gene-editing efficiency (Figs. 3 and 4) . Interestingly, despite examining molar concentrations of sgRNA and Cas9 mRNA over a 3-5-fold change above and below those reported previously [17] , we did not identify these factors as significant effectors of editing efficiency (Figs. 3 and 4) . Prior work with lipid-based delivery of preformed Cas9-sgRNA RNPs indicated that editing outcomes were dependent on the concentration of Cas9 and sgRNA delivered [16] . Conversely, our experiments with mRNA indicate that, over the concentrations used, delivery of RNAs encoding the CRISPR-Cas9 system is primarily limited by material and/or cell mediated factors rather than amounts of RNA added to the lipid formulation.
The observation that >90% of cells have detectable levels of labeled Cas9 mRNA 12 h after transfection (Fig. 3B) , while in a separate experiment, using the same material and RNA concentrations, only 30-35% of cells achieve detectable Cas9-GFP expression (Fig. 2E) suggests that mRNA trafficking or degradation within the endosome may be a major limiting factor governing expression of CRISPR-Cas9 components. Utilizing the imaging approach described here with labeled mRNA and compatible live cell endosome dyes could facilitate high throughput screening of material libraries to identify compounds that improve endosomal escape and prevent mRNA degradation.
Another important observation from our DOE analysis was a significant interaction between material type and mRNA type (Fig. 4B) . Lower editing outcomes with Cas9-GFP mRNA versus commercial Cas9 mRNA only when using Transit-mRNA, highlight the need to consider cargo-material interactions during delivery screening. Size and charge topology characteristics of the cargo have been shown to impact complex formation, influence endosomal escape and impact cellular trafficking [44, 45] . Further examination of physical or electrostatic interactions of CRISPR-Cas9 components with non-viral delivery materials with respect to both RNA delivery and subsequent gene editing efficiency is warranted and could be rapidly evaluated with DOE analysis using the imaging method described here.
Further, high content analysis of cell subpopulations using lFeature plates has distinct advantages that identified additional factors impacting RNA delivery and gene-editing efficiency. Specifically, our HCA platform enabled collection of subcellular localization and tracking of delivery and editing outcomes in distinct subpopulations of cells over several days in culture. We did not detect a difference between total cellular Cas9-GFP or nuclear Cas9-GFP and gene editing outcome at the subpopulation level ( Fig. 7A and C) indicating that nuclear import is not a rate limiting step for these formulations. Another key result was that greater changes in cell number 24 h after CRISPR-Cas9 delivery were associated with lower gene-editing efficiency (Fig. 7C ). Higher cell proliferation may dilute the effects of any delivered RNA in daughter cells. Further, lFeatures with lower numbers of cells may have more quiescent cells. DNA repair is regulated by the cell cycle, and prior work in synchronizing cells resulted in higher geneediting [46] . Our results indicate that optimization of lipid based transfection approaches should not merely lower cellular toxicity or increase endosomal escape, but rather concomitant effects on the cell cycle or proliferation are likely important. Our work exploited mRNA encoding a Cas9-GFP fusion protein and demonstrated that GFP fluorescence may be a useful tool for gene-editing optimization, because of the strong correlation between early Cas9-GFP expression and editing in both transgenes (Fig. 6) and endogenous loci (Fig. 8D) . This relationship is corroborated by prior work with Cas9-2A-GFP plasmid delivery [47] and is a useful tool in cases where biomaterials need to be optimized for editing a specific locus or a cell line that does not contain a fluorescent reporter. Gene-editing seemed variable in our assays, ranging from 5% to 80% with identical cells, RNA and materials. These results have been observed with electroporation [17] . While there could be methods to reduce variability such as synchronizing cell cycle, other methods of delivery -such as nanoneedles [48] and mechanical squeezing [49] -may have less variability for applications of CRISPR-Cas9 where heterogeneity is an issue.
The potential design space for materials to improve geneediting outcomes is vast, as is the need for systems to rapidly optimize new formulations. In terms of targets, gene-editing of fibroblasts, iPSCs, and CD34+ cells -all notable clinically relevant cell types -could be optimized using this platform. Many permutations of delivery cargo can also be screened. For example, chemical modifications to sgRNAs have been shown to increase the stability of sgRNA, resulting in increased editing [50] . mRNA can also be chemically modified to increase stability and reduce immunogenicity in vivo [51] . Further, there will likely be a need to increase the delivery of DNA repair templates [52, 53] for precise insertion of therapeutic sequences at the Cas9 cut site. Given the flexible nature of the platform (i.e., capability of monitoring a wide range of morphological or fluorescent based parameters), we anticipate the ability to improve gene-editing efficacy by aiding in the development and optimization of novel materials-mediated geneediting strategies.
Conclusions
Optimizing delivery of all components of the CRISPR-Cas9 system to cells is a current challenge in several areas of biomedical research. This work used a new screening platform to systematically evaluate gene-editing outcomes with four different lipid transfection reagents over a range of RNAs encoding the Cas9 system. The screening platform exploited microcontact printing to generate isolated cell-adhesive areas on a transparent cell culture surface. Image based analysis of Cas9 expression and editing of a fluorescent transgene reporter gene within human embryonic kidney cells was monitored over several days after transfection. We found editing efficiency to be highly dependent on transfection material identity. Amount of mRNA and sgRNA, as well as nuclear import of Cas9 protein did not affect gene-editing in this study. Additionally, we found Cas9 mRNA was delivered to a high percentage of cells, while Cas9-GFP expression and subsequent gene editing was detected in a fraction of the population. This indicates that intracellular trafficking and translation of mRNA may be a major limiting factor in gene editing efficiency using lipid based CRISPR-Cas9 RNA delivery strategies.
Higher Cas9 expression levels and lower cell growth within 24 h after transfection resulted in higher gene-editing. Taken together, these results suggest that new transfection strategies with lipid based materials should seek to engineer delivery strategies that can rapidly deliver mRNA to translational machinery, while simultaneously influencing cell cycle and growth parameters that optimize editing. This high content imaging based approach to simultaneously monitor non-viral delivery parameters and gene-editing outcomes will likely be useful in optimizing non-viral delivery and editing in a variety of human cells, ultimately advancing and informing genomic medicine, regenerative biology and drug discovery.
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